Eleven temperature-sensitive mutants of herpes simplex virus type 2 strain VIG5Z were examined for ability to induce DNA polymerase activity in BHK 2I/CI 3 cells. All mutants induced DNA polymerase at a permissive temperature, (31 °C) and all DNA-positive mutants at a non-permissive temperature (38 °C). Three DNA-negative mutants induced no DNA polymerase (ts 6, ts 9) or very little DNA polymerase (ts 1 I), at a non-permissive temperature, while ts I, also DNA negative, induced a little more DNA polymerase than wild-type, often at both temperatures. The DNA polymerase induced by ts 6 at 31 °C was temperaturesensitive in vivo, but only slightly so in vitro. These results were confirmed immunologically and suggest that HSV-2 codes for at least part of a DNA polymerase activity, necessary for infection, and that full expression of this enzyme involves at least three viral genes.
INTRODUCTION
It has been known for some time that herpes simplex virus type I (HSV-0 induces several enzymes of DNA metabolism in infected cells. Recently it has been shown (Hay, Moss & Halliburton, 197Ia; Thouless & Skinner, 1971; Purifoy & Benyesh-Melnick, I974 ) that similar enzyme activities are induced after infection with herpes simplex virus type 2 (HSV-2). While the essential nature of one of these enzyme activities, the pyrimidine deoxynucleoside kinase (Hay et al. 197I b) , has already been established I974) it remains unproven that the viral-induced DNA polymerase activity is required for successful virus infection.
A series of temperature-sensitive (ts) mutants of HSV-2 (strain HC52) has been isolated (Timbury, 1971 ; Halliburton & Timbury, 1973) , and one of the most interesting features of the phenotype of these mutants has been the large number of complementation groups exhibiting a lesion in viral DNA synthesis (Halliburton & Timbury, I973) . A similar situation exists for the HSV-2 ts mutants isolated at Baylor (Esparza et al. I974) and for pseudorabies virus ts mutants (Pringle, Howard & Hay, I973) . If viral DNA polymerase is involved in viral DNA synthesis, then examination of ts mutants, in particular those which fail to make viral DNA at the non-permissive temperature, should help to answer the question of the involvement of DNA polymerase in viral DNA replication. This paper reports an investigation of viral DNA polymerase activity and comments on the induction of pyrimidine deoxynucleoside kinase activity in cells infected with ts mutants of HSV-2.
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METHODS
Cells. Continuous cultures of baby hamster kidney fibroblasts (BHK 2I/CI3) were used for most experiments. Cells were infected in monolayers using ETC lo medium (Eagle's medium, supplemented with Io % calf serum and lO % tryptose phosphate broth -Difco). Rabbit kidney cells (RK I3) were grown and infected in Eagle's medium with 5 % (v/v) rabbit serum. The multiplicity of infection varied between 2"5 and Io p.f.u./cell. The preparation and behaviour of the virus used has been described by Timbury 0970.
Preparation of antiserum. Antisera to proteins produced by ts I and ts 9 in infected rabbit cells were prepared in rabbits. Each mutant was passaged once at 3~ °C in RK I3 cells with Eagle's medium containing Io % rabbit serum. The virus was then inoculated (I p.f.u./cell for ts I; o.I p.f.u./cell for ts 9) on 20 replicate 2o oz bottles. After I h at 38 °C the RK 13 monolayers were washed 3 times, medium was added and incubation continued for 24 h. Cells were scraped into the medium, centrifuged and resuspended in IO ml medium prior to treatment with ultrasonic vibrations and storage at -7o °C in I ml amounts. Rabbits were injected five times at weekly intervals with this extract emulsified with Freund's complete adjuvant followed by two intravenous injections of cell extract alone. The rabbits were bled repeatedly over the next 9 months; booster injections were given at 4 and 7 months.
Temperature shift experiments. ' Shift-up' experiments were carried out by infecting cells at a permissive temperature (3r °C) and at appropriate time removing the medium and replacing it with medium at ~ °C warmer than the restrictive temperature normally used (38 °C). Incubation then continued at 38 °C. 'Shift-down' experiments were similarly executed, adding medium at 30 °C.
Measurement of DNA synthesis. Infected cells were labelled with 2 #Ci/ml [SH]-thymidine from 3 to 24 h after infection. In some cases, 'resting' cells (Howard et al. 1974 ) were used and total radioactivity incorporated into these cells was used as a measure of virus DNA synthesis. Alternatively, material from exponentially growing infected cells was treated with 2 % SDS and pronase (I mg/ml) and analysed on a caesium chloride density gradient.
Enzyme assays'. DNA polymerase activity was assayed in cell extracts essentially by the method of Keir et al. 0966 ). Heat-denatured or activated calf thymus DNA was used as primer: 'high salt' and 'low salt' conditions were respectively Ioo mM-KC1 and 3o mM-KC1. Viral pyrimidine deoxynucleoside kinase activity was measured on cell extracts using the DEAE paper disc technique for thymidine phosphorylation I974) . Both enzymes were assayed at 3I °C and 38 °C.
RESULTS
BHK cells infected with HSV-2, wild-type or ts mutant, were screened for DNA polymerase activity I2 h after infection at 38 °C or 3I °C. These activities are shown in Fig. I and indicate that all mutants which synthesize viral DNA at a non-permissive temperature induce DNA polymerase at this non-permissive temperature (ts 3, ts 4, ts 5) .Other mutants which fail to make viral DNA at a non-permissive temperature also induce DNA polymerase activity at this temperature (ts I, ts 2, ts 7, ts 8, ts Io) but, three mutants, ts 6, ts 9 and ts I I, induce little or no apparent DNA polymerase activity. All mutants induce DNA polymerase activity at a permissive temperature (3~ °C). In parallel with these studies on DNA polymerase induction, the ability of mutants to synthesize viral DNA was checked: the results agreed completely with those obtained earlier (Halliburton & Timbury, I973) . The DNA polymerase assays described in Fig. I were carried out under low salt condi- I97Ib) is stimulated by the presence of high concentrations of salt (e.g. ~oo to 2oo mM-KCI), while the host activity present in our extracts is inhibited. Tests of the DNA polymerase activities present in mutant-infected cells ( Fig. I ) against salt concentration in the enzyme assay showed that all of the mutants induced characteristically viral polymerase at 31 °C, and all to some extent except ts 6 and ts 9 at 38 °C. The small amount of activity present after infection by these two mutants ( Fig. ~) behaved as the uninfected cell activity.
Using the results of Fig. I as a basis for further work, mutants ~, 6, 9 and ~ I were selected for closer examination and a time course of induction of DNA polymerase activity at both permissive and non-permissive temperatures was carried out; the results of this experiment are shown in Fig. 2 . For these tests, high salt (IOO mM-KCI) conditions were employed in the assay, and, consequently, essentially only virus-induced DNA polymerase activity was measured. The induction of DNA polymerase activity in wild-type infected cells follows the normal pattern (Keir et al. 1966) , but cells infected with ts ~ consistently induce a little more DNA polymerase activity than wild-type (often at both permissive and non-permissive temperature), while ts 6 and ts 9 infected cells are markedly deficient in induction of DNA polymerase activity. Ts I I induces a small amount of activity at early times. Once more, it should be noted ( Fig. 2 ) that all mutants induce DNA polymerase activity at a permissive temperature.
Induction of viral pyrimidine deoxynucleoside kinase activity was assessed in extracts of BHK cells at the times shown in Fig. 2 , and mutants I to lo all seem capable of producing this activity at both permissive (31 °C) and non-permissive (38 °C) temperatures.
As an alternative approach to enzyme induction by mutants of HSV-2, rabbit kidney cells (RK 13) were infected at a non-permissive (38 °C) temperature with ts I and ts 9 ; after 24 h a cell extract was made and injected into rabbits over a period of seven months. Successive bleeds from these rabbits were tested for anti-DNA polymerase activity and, as a control, the ability of these rabbits to induce anti-pyrimidine deoxynucleoside kinase activity was tested. In Fig. 3b it can be seen that the pre-immune sera from three rabbits had no inhibitory effect on the kinase activity while the antisera from these same rabbits considerably reduced the activity of pyrimidine deoxynucleoside kinase. On the other hand, in addition to the lack of inhibitory effect of the pre-immune sera on the DNA polymerase activity, antiserum from one of the rabbits, which had been injected with extracts of cells infected with ts 9, also had no anti-DNA polymerase activity (Fig. 3 a) . The sera from rabbits injected with cells infected with ts I, however, had considerable levels of anti-DNA polymerase antibody (Fig. 3 a) . This result confirms and extends the observations given in Fig. 2 , and implies that, in addition to the deficiency of ts 9 infected cells in induction of DNA polymerase activity, there is also a failure of induction of detectable DNA polymerase antigen. Unfortunately, no antiserum was available against cells infected with ts 6 at the non-permissive temperature and thus investigation of the presence of DNA polymerase antigen in ts 6 infected cells was carried out indirectly as follows.
Extracts of BHK cells infected with ts 6 at a non-permissive temperature were examined for their ability to absorb out the anti-DNA polymerase activity of ts i derived antiserum. as shown in Fig. 4 , extracts of ts 6 infected cells at a permissive temperature (3I °C) were able to remove anti-DNA polymerase activity from antiserum while extracts made at the non-permissive temperature were less able to do so. This result suggests that ts 6 infected Fig. 3 . Assay for the presence of antibodies against virus-induced enzyme activities in sera from rabbits exposed to ts mutant-infected cells. Antisera were raised against ts I or ts 9-infected RK 13 cell extracts as described in the Methods section. These sera were mixed with extracts of cells infected with HSV-2 wild-type (50 #1) for ~o min at 20 °C and, after addition of the appropriate assay components, the mixture was assayed for (a) DNA polymerase activity (' high salt' conditions) or (b) dThd kinase activity. Ioo ~ for polymerase was 2.6 × IO 4 ct/min and for kinase 7"4 x io 3 ct/min. [~-~, pre-irnmune serum (rabbit 474o); A-A, pre-immune serum (rabbit 4740; A-I,, preimmune serum (rabbit 4743); 0-0, rabbit 474o (ts I extract); ~-~, rabbit 474~ (ts ~ extract); I1-11, rabbit 4743 (ts 9 extract). cells at this non-permissive temperature (38 °C) contain less viral DNA polymerase antigen than at a permissive temperature.
If viral DNA polymerase activity is involved in virus DNA synthesis, and if, in either ts 6, ts 9 or ts I I infected cells, the temperature-sensitive lesion directly involves the DNA polymerase gene, then it may be possible to demonstrate temperature-sensitivity of the viral DNA polymerase activity in such mutant-infected cells.
BHK cells were infected with ts l, ts 6, ts 9 and ts I t or wild-type HSV-2 at a permissive temperature (3 ~ °C). When DNA polymerase activity had been induced in all cases (between 12 and 2o h post-infection) extracts were made and the activity tested for temperature stability in vitro under several assay conditions. These results indicate that no substantially increased sensitivity of any of the viral DNA polymerase activities induced by the listed mutants can be demonstrated; nor is the ts I-derived enzyme any more stable than wild-type. Heat lability was examined in vitro at temperatures ranging from 25 °C to 50 °C both in the presence and absence of DNA at high 0oo mM) and low (30 mM) monovalent cation concentration with essentially similar results. Having failed to demonstrate in vitro instability of mutant viral DNA polymerase activity, it seemed worthwhile to examine enzyme instability in vivo and, for this reason,' shift-up' experiments were carried out with the above mutants as described in the Methods section. Fig. 5 gives the results of this experiment, and it is clear that ts 9 DNA polymerase activity is as stable in vivo as wild-type activity on 'switch-up' and that the addition of cycloheximide (5 ° #g/ml) at time of switch-up causes no dramatic decrease in the amount of wild-type DNA polymerase activity, suggesting stability of this activity in vivo over the time scale chosen. However, under these experimental conditions, ts 6-induced DNA polymerase activity is markedly unstable at the non-permissive temperature. Addition of cycloheximide to cells infected with ts 6 at time of shift-up has no additional . Extracts from cells infected for I2 h with ts 6 at 31 °C or 38 °C were made and incubated at 2o °C for io rain with an amount of antiserum 474I (see Fig. 3 ) calculated to inhibit a given amount of ts + DNA polymerase by 6o ~. This amount of ts ÷ polymerase was then added, and after a further IO min at 2o °C, the assay mixture added ('high salt' conditions) and enzyme activity measured. O-O, ts++ts 6 (31 °C)+antiserum; Q-O, ts++ts 6 (38 °C)+antiserum; A-A, ts++ts 6 (3I °C); A-A, ts 6 (31 °C)+ antiserum. Total activities (ct/min) were: ts + 29940; ts++antiserum 11 8oo; ts 6 (38 °C) 311; ts 6 (31 °C) 814o. Fig. 5 -Relative in vivo temperature stability of ts 6 DNA polymerase activity. Cells were infected with ts 6, ts 9 or ts +, held at 31 °C for x4h, then 'shifted up' to 38 °C and incubated for a further 2 h. Cycloheximide at 5o #g/ml was added at time of 'switch up' to appropriate samples. At the times indicated, cells were harvested and assayed for DNA polymerase activity ('high salt' assay) as described in the Methods section. I1-11, ts 6 infected cells; []-[~, ts 6 infected cells+ cycloheximide; A-i,, ts + infected cells; &-A, ts + infected cells+cycloheximide; "-0, ts 9 infected cells.
destabilizing effect on the activity and this suggests that protein (if any) which is being synthesized at non-permissive temperatures is essentially instantly unstable. In 'shift-down' experiments with ts 6 ,vital DNA polymerase activity was induced essentially immediately: the lag in induction of the enzyme characteristic of the onset of normal infection was clearly missing.
One explanation for the increase in DNA polymerase induction at 38 °C shown by ts I and the lack of DNA polymerase induction shown by ts 6 and ts 9 ( Fig. I and 2) is that in the former case an activator of the enzyme activity is present, while in the latter two cases some inhibitor of DNA polymerase activity is induced. To examine this, extracts of cells infected with these mutants and with wild-type HSV-2 were mixed in vitro and examined for inhibition or activation. It is clear from Table I that mixed extracts give more or less additive activity, minimising the possibility of the presence of a stable activator or inhibitor which can function in vitro.
DISCUSSION
The behaviour of DNA polymerase activity in crude extracts of HSV-infected cells (Keir et al. I966) suggested that the induced enzyme could be virus-coded. A more recent investigation with purified enzyme preparations (Weissbach et al. I973) supports this view, but (1"3) I' 5 * z5 #1 of extract identified in the vertical columns was mixed with 25 #1 of that in the horizontal columns. At the point of intersection of columns is given DNA polymerase activity expressed as ct/min x io -~. The number in parentheses is the calculated expectation for the mix and the second number the experimental result. DNA polymerase was extracted and assayed under ' low salt' conditions as described in the Methods section.
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does not rule out the possibility that the DNA polymerase of infected cells is a multimeric structure composed of polypeptides from both viral and cellular genes. The isolation of temperature-sensitive mutants of HSV-2 (Timbury, I97 I) deficient in DNA polymerase activity ( Fig. I and 2 ) confirms by genetic criteria that the enzyme is, at least in part, of viral origin or is under direct viral gene control. Additionally, two of these mutants, ts 6 and ts 9 seem to induce at non-permissive temperature no polypeptide similar in biochemical (salt stimulation) or antigenic properties to the wild-type induced activity.
One mutant, ts 6, induces at non-permissive temperature a DNA polymerase activity which is apparently more unstable than the wild-type enzyme in vivo under 'shift-up' conditions. The most direct explanation of this observation is that the mutant translates a polypeptide which contains a primary structure, altered from wild-type and unstable at hightemperature. If this were so, it could be expected that examination of the stability of the activity at high temperature in vitro would reveal a similar lack of stability relative to wildtype DNA polymerase. While ts 6 induced-polymerase is always seen to be a little less stable than wild-type polymerase in vitro much more of an effect would be predicted from the in vivo data (Fig. 5) . It is possible that in this 'crude extract' situation we have failed to find conditions suitable for the expression of the instability, but since a variety of different incubations was carried out (see above), this seems unlikely. Alternatively, a mechanism may exist in the infected (or uninfected cell) which destroys 'foreign' proteins. Normally, the virus proteins escape this destruction by incorporating into their structure the appropriate recognition signals: the ts 6 DNA polymerase may be deficient in these as a result of an amino acid alteration, which allows breakdown of the enzyme at high temperature. Finally, wildtype DNA polymerase activity may be relatively resistant to the action of cycloheximide (although the conditions used will inhibit 98 ~o of amino acid incorporation in 5 min) and ts 6 polymerase production may cease as the direct result of the ts lesion, allowing preformed enzyme to decay after 'shift-up'.
However this may be, the behaviour of ts 6 is most readily explained by the existence of a lesion in the structural gene for DNA polymerase activity, although, as stated above, the data do not allow us to exclude other possibilities.
The other DNA polymerase negative mutant, ts 9, seems to induce at permissive temperature an activity which is essentially similar to the wild-type infected cell activity. It seems likely, then, in this case, that the ts lesion lies outside the structural gene for DNA polymerase activity, and, probably, in a region which controls the formation of this viral coded activity, although an alternative explanation would be that the temperature-sensitive defect is only expressed during the synthesis of the polypeptide.
Control may act specifically on the formation of DNA polymerase or on the formation of a number of virus-specific functions, whose identity remains obscure. Investigation of the polypeptide composition of cells infected with ts 9 (H. Marsden, M. Timbury & J. Hay, in preparation) indicates that, at 38 °C, deficiencies in several proteins appear relative to wild-type, and the latter hypothesis seems most likely. Whatever these functions may be, they do not seem to include the virus coded pyrimidine deoxynucleoside kinase activity or the entire DNA exonuclease activity induced by the virus, as both enzymes are induced by ts 9, the latter albeit at a level reduced by about half from that of wild-type infection (J. Hay & H. Moss, in preparation) .
A recombinant isolated from a mixed infection of these two mutants (ts 6, ts 9) behaves as wild-type virus with respect to DNA synthesis and induction of a DNA polymerase activity characteristic of the wild-type virus. The essential nature of viral DNA polymerase activity for successful infection is also supported by this finding, as recovery of virus growth and DNA synthesis have been paralleled by normal enzyme formation. This is further emphasized by the observation, albeit at a very low efficiency, of simultaneous recovery of virus DNA synthesis and DNA polymerase induction in complementation experiments with these mutants (Timbury & Hay, 1975) .
The evidence points to the location of the ts mutation in ts 6 in the structural gene(s) for viral DNA polymerase activity. This, in turn, indicates that this activity is essential for virus replication and is an indispensable virus coded function. The possession of such a mutant allows us to design experiments in which the role of this DNA polymerase in virus DNA synthesis can be assessed, and these are in progress.
Using the ts mutants of HSV-t and HSV-2 isolated at Baylor, DNA polymerase activities have been examined in infected HEL cells (Aron, Purifoy & Schaffer, 1975; Purifoy & Benyesh-Melnick, 1975) . Several DNA-negative mutants failed to induce DNA polymerase at a non-permissive temperature, and temperature-sensitivity of enzyme extracts was demonstrable in vivo but not in vitro.
The HSV-2 induced DNA polymerase activity examined in this study requires at least three functions, represented by ts 6, ts 9 and ts 1I, for regulation and expression of full activity. Additional mutants of HSV-~ and HSV-2 are under study to determine whether additional genes are involved.
A preliminary account of some of this work has appeared (Subak-Sharpe et al. 1975) .
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